Introduction
Hypertrophic cardiomyopathy (HCM) is mainly an autosomal-dominant condition caused by mutations in sarcomeric proteins, with a prevalence of around 1 in 500 in the general population. First-degree relatives of known sarcomeric HCM patients have a one-in-two chance of developing HCM. Major advances in cardiac imaging and genetics over the last 50 years have improved our diagnostic ability in cases of HCM. The condition is linked to over 1500 genetic mutations, most commonly missense mutations in beta myosin heavy chain (40%), myosin binding protein C sarcomere (40%), and troponin (11%) genes. 1 Point mutations between affected individual families may be diverse. 2 Genetic testing is helpful for family screening and also enables the exclusion of HCM mimics including storage disorders such as PRAGK2, Fabry's, Danon and LAMP2 which have very different prognosis and treatment options.
The clinical presentation and natural history of HCM may be equally as diverse, even between family members sharing the same mutation. Affected individuals may develop symptoms owing to left ventricular outflow tract obstruction (LVOTO) such as reduced exercise tolerance, dyspnoea, chest pain, pre-syncope and syncope on exertion. They may develop a heart failure syndrome owing to diastolic or systolic 'burnt out' dysfunction. Most concerning, they may have atrial arrhythmias (leading to stroke) or ventricular arrhythmias leading to syncope or sudden cardiac death. The ages of presentation vary widely. Some gene-positive family members may not express left ventricular hypertrophy (LVH) owing to incomplete penetrance, in part because of environmental factors and the presence or absence of other, as yet poorly defined, modifier genes.
The diagnosis of HCM may be acquired genetically (sarcomeric protein mutations), histologically (fibrosis, small vessel disease, disarray, no infiltration) or by cardiac morphology (unexplained hypertrophy). The clinical diagnosis is largely based on family history, ECG and cardiac imaging. Imaging has other roles beyond diagnosis, including risk stratification, defining features (i.e. obstruction) and subtype, detecting early disease and also in planning intervention. Echocardiography remains the first-line modality but CMR is becoming an essential next-line cardiac imaging test.
Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiac disease. Cardiac imaging plays a key role in the diagnosis and management, with cardiovascular magnetic resonance (CMR) an important modality. CMR provides a number of different techniques in one examination: structure and function, flow imaging and tissue characterisation particularly with the late gadolinium enhancement (LGE) technique. Other techniques include vasodilator perfusion, mapping (especially T1 mapping and extracellular volume quantification [ECV] ) and diffusion-weighted imaging with its potential to detect disarray. Clinically, the uses of CMR are diverse. The imaging must be considered within the context of work-up, particularly the personal and family history, Electrocardiogram (ECG) and echocardiogram findings. Subtle markers of possible HCM can be identified in genotype positive left ventricular hypertrophy (LVH)-negative subjects. CMR has particular advantages for assessment of the left ventricle (LV) apex and is able to detect both missed LVH (apical and basal antero-septum), when the echocardiography is normal but the ECG abnormal. CMR is important in distinguishing HCM from both common phenocopies (hypertensive heart disease, athletic adaptation, ageing related changes) and rarer pheno and/or genocopies such as Fabry disease and amyloidosis. For these, in particular the LGE technique and T1 mapping are very useful with a low T1 in Fabry's, and high T1 and very high ECV in amyloidosis. Moreover, the tissue characterisation that is possible using CMR offers a potential role in patient risk stratification, as scar is a very strong predictor of future heart failure. Scar may also play a role in the prediction of sudden death. CMR is helpful in follow-up assessment, especially after septal alcohol ablation and myomectomy.
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In the present review, we focus on the role of CMR in the diagnosis and management of hypertrophic cardiomyopathy, heart muscle diseases with hypertrophy -HCM, and its gene and/or phenocopies. 
Utility of cardiovascular magnetic resonance

Structure and function
Volumes and ejection fraction
The improved spatial resolution and the contrast between dark myocardium and bright blood pool on the steady-state free precession (SSFP) ciné enables accurate tracing of the epi-and endocardial borders. There are several areas of the heart that are better defined by CMR including the apex (Figure 1 ), 3 early basal antero-septal hypertrophy ( Figure 2 ) 4 and right ventricular hypertrophy (RVH). Wall thickness is well measured, but caution is needed as this is not well standardised by either echo or CMR, and typical risk algorithms use echocardiographic measurement. Similarly, normal values of volume and ejection fraction in CMR differ slightly from those calculated by echocardiography.
Left ventricle crypts and subtle abnormalities
The use of CMR extends the spectrum of detected cardiac changes in HCM. In patients with extensive T-wave inversion but non-diagnostic echo, relative apical hypertrophy may be found that does not meet current diagnostic criteria for HCM and can be demonstrated by CMR. Flett et al. 3 described the lack of tapering of the LV wall thickness towards the apex in 22 patients with ECG abnormalities. An apical to basal wall thickness ratio (ABR) >1 is used as a criterion for diagnosis of relative apical hypertrophy ( Figure 3 ). Presence of apical scar, left atrial dilatation and atrial fibrillation was also more common in this group than the general population, and apical micro-aneurysms ( Figure 4 ) also occurred. This appears to be a variant of HCM, although there may be an environmental Open Access contribution as the pattern is found sometimes in athletesraising the suspicion that there are HCM genetic backgrounds where a 'second hit' is required for phenotypic expression.
Before hypertrophy occurs, the heart has a number of characteristic abnormalities if a disease-forming mutation is being carried. These include the presence of myocardial crypts ( Figure 5 ). 4 These appear to occur in the majority of genotype positive-phenotype negative HCM patients 5 and may be multiple. They also occur in healthy volunteers (prevalence 3.6% -6%) and hypertensive patients (prevalence 11% -27%). 6, 7 The prognostic importance of crypts is currently unclear. The number of crypts seems to reflect the degree of abnormality, with a maximum of one crypt seen in healthy volunteers and more than one (2-3) often seen in genetic carriage. 8 A recent study of developing HCM hearts in mice and humans suggests that crypts are a normal part of embryological development but disappear before birth, except in HCM, where they persist and are more abundant. 9 Increased length of the mitral valve leaflets has been identified in HCM and genotype positive-phenotype negative HCM independently of other variables, and this Source: Silvia Castelletti 
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Source: Silvia Castelletti FIGURE 3: Relative apical hypertrophy. Here, the normal tapering of wall thickness to the apex is absent and the maximum thickness is greater than that at the base. Also note the biatrial dilatation. Shown are the end diastolic frame (a), and the end systolic frame (b).
http://www.sajr.org.za
Open Access additional morphological abnormality is felt to contribute to LVOTO. A ratio of anterior mitral leaflet (AML) length to LVOT diameter of >2 was strongly associated with the presence of sub-aortic obstruction. 10 Other imaging biomarkers of HCM include increased septal curvature, increased cardiac function and more non-compacted trabeculae, abnormal papillary muscles, increased ECV and increased biomarkers of fibrosis. Several of these can be combined into a score that can have 80% accuracy for the presence of a disease (if the pre-test probability is 50%).
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Flow and perfusion
Echocardiography is better for peak velocities and short time interval events. CMR, however, adds value in complex obstruction (e.g. multi-level) and membranes, which may be missed on echo. Similarly, right ventricular outflow tract (RVOT) obstruction is easier to detect using CMR than echo. For recurrent obstruction following gradient reduction therapy (by alcohol ablation or myomectomy), CMR is essential as the precise mechanism of recurrence may be hard to define by echocardiography. Perfusion CMR is interesting in HCM, as perfusion defects are often extensive and most often mid-myocardial and circumferential, suggesting they are the result of small vessel disease. These perfusion defects do occur outside areas of LGE, but their significance is not yet well understood.
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Planning intervention
When gradient reduction therapy is planned (alcohol ablation or myomectomy), CMR is helpful. It can define the systolic anterior motion (SAM), septal contact point and the wall thickness at the site and in adjacent areasensuring particularly that there are no thin areas that are at risk of post-procedure ventricular septal defects (VSDs).
CMR acts as a second scrutiny to ensure there is no membrane or aortic stenosis; it further helps with mitral valve assessment to determine whether mitral valve replacement or intervention (repair, Alfieri) might be needed. 
Tissue characterisation Late gadolinium enhancement patterns
Gadolinium occupies the interstitium and cannot enter an intact myocyte. Fibrosis is a hallmark of HCM. 13 Hypothesised aetiologies include repeated ischaemic insults owing to microvascular disease and oxygen supply and demand mismatch; alternatively, the genetic mutation may predispose to the abnormal accumulation of collagen within the myocardium and plexiform diffuse fibrosis owing to an increased number of collagen crosslinking fibres at the LV/RV hinge points. Typical patterns of LGE include 'non-ischaemic' (mid-myocardial) fibrosis of the maximally hypertrophied segments which may include the LV/RV insertion points or commonly the septum and anteroseptal walls (Figure 7 ). There may be a combination of diffuse interstitial fibrosis and focal replacement fibrosis. http://www.sajr.org.za
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The replacement fibrosis may, in progressive disease cases, involve most of the myocardial walls.
Parametric mapping
Parametric mapping is another technique that helps to characterise tissue. The myocardial native T1 value increases in the presence of water and protein, and is reduced by the presence of fat and iron. ECV maps can be created from T1 values pre and post gadolinium contrast (Figure 8 ). The strength of LGE imaging is in demonstrating the difference between normal and abnormal myocardium, the best example being non-infarcted from infarcted myocardium where there is stark contrast between healthy (black myocardium) and dead tissue (white myocardium). In conditions of diffuse myocardial abnormality, choosing a correct inversion time (TI) to null the healthy myocardium can result in both fibrotic and normal myocardium looking similar and, consequently, abnormality being missed. Techniques for quantifying the amount of LGE can show wide variations in the figures generated when used to assess more subtle replacement and interstitial fibrosis.
Risk stratification
HCM sudden death is relatively uncommon but feared -the lack of warning signs and the finality of the event make it of extreme concern. Typically, it occurs in the younger HCM population, being less likely over the age of 65 years. With the advent of implantable cardiac defibrillators (ICDs), sudden cardiac death (SCD) may be prevented; however, the devices themselves carry a risk (approximately 5% per year) related to infection, lead defects and inappropriate shocks. Appropriate patient selection is important. Secondary prevention is essential but, for others, risk stratification is needed. These models are created using large retrospective cohort studies and are evolving over time. The European Society of Cardiology (ESC) risk calculator aims to give an approximate 5 year risk of SCD. In patients with a 5 year risk of SCD < 4%, an ICD is generally not indicated, in patients with a risk of 4 to less than 6%, an ICD may be considered and in patients with a 5 year risk ≥ 6%, an ICD should be considered. The algorithm includes several continuous variables (age, maximal wall thickness by echo, left atrial size, maximum LVOT gradient),
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and three dichotomous ones (family history of SCD, previous non-sustained VT (ventricular tachycardia) and unexplained syncope). The AHA (American Heart Association) guidelines acknowledge the potential use of LGE by CMR as a risk modifier, with Class IIb evidence in risk stratification.
CMR to assess myocardial scar and fibrosis is an attractive additional variable as fibrosis appears to be linked to outcome. 14, 15, 16 Fibrosis and disruption of the myocardial architecture has been suggested as the substrate for SCD, leading to research quantifying the degree of fibrosis and the relationship to SCD and VT. The LGE analysis technique assesses macroscopic fibrosis, and all are subject to the difficulties in TI (inversion time) selection, windowing and detection of diffuse fibrosis discussed earlier.
What is clear, however, is that scar is common in HCMoccurring in 60% -70% of cases -so scar alone is not sufficient for adverse outcomes. There have been several studies with numbers into the low 1000s. The link of scar to sudden death appears present although, in some studies, this was present as a univariate but not multivariate risk factor; in one study by O'Hanlon et al., 15 the presence of non-sustained VT was the stronger factor, whilst in another by Chan et al., 16 scar over 15% predicted events, although events were driven by appropriate ICD discharges (not the same as sudden death). 16 What does appear clear, however, is that extensive scar predicts heart failure; the problem is that the evidence for interventions (drug therapy -conventional or otherwise) is not strong and more research is needed. Another issue is LGE analysis. Although reasonable agreement can be reached, 17 the choice of method can alter the apparent scar burden by a factor of two in HCM. 18 This reflects that scar in HCM is in a continuum between normal interstitium and complete replacement fibrosis, yet the LGE technique dichotomises with a threshold method that therefore becomes crucial. Analysis on commercially available software (rather than corelabs) would be more clinically relevant, and newer LGE sequences (phase-sensitive inversion recovery [PSIR], MOCO and implantable device corrected) are more robust than previous LGE sequences.
All studies thus far have quantified LGE on a single-entry CMR only. Rate of progression of LGE may be of importance, as may myocardial ischaemia. More data are needed. Currently, CMR is typically used as a red flag or arbitrator for borderline cases rather than a core part of stratification.
Hypertrophic cardiomyopathy phenocopies and infiltrative cardiomyopathies
Sarcomeric HCM has a wide differential. Approaches to heart muscle disease with hypertrophy are familiar from European and US guidelines (taking phenotype or genetic approaches respectively). Both approaches are useful, but 'grey areas' remain. CMR tissue characterisation permits a new way of considering LVH by dividing it into two compartments: the interstitium and cell volume. Usually, the volume of interstitium and cells increase together (afterloadhypertension and aortic stenosis), but in some diseases (amyloid), the interstitial volume predominates and in others (storage diseases -at least early, such as Fabry's), cell volume appears to predominate.
Differentiating causes of LVH by imaging is familiar from echocardiography, and these features are visible by CMR. Imaging, of course, is just part of investigation, and the history (including family history), ECG, exercise testing and other investigations are important. CMR adds some value with the added features for HCM (clefts) and may see early disease better than echo (focal hypertrophy). When differentiating hypertension or athlete's heart from HCM, mapping may help; early data suggest that athletic hypertrophy has a slightly lower than normal fibrosis percentage (low ECV, low T1) with cellular hypertrophy dominating. 19 These tissue characterisation techniques, however, have a major advantage in infiltration. LGE respectively. The LGE image sees the inferior RV insertion point LGE (long arrow) but misses the wider patchy fibrosis (short arrows) in the maximally hypertrophied septal segments which is easily appreciated in the native T1 and ECV maps.
a c b
Infiltration: Cardiac amyloid and Fabry disease
In cardiac amyloid, gadolinium kinetics are abnormal and the blood pool nulls before the myocardium (Figure 9 ). Choosing the appropriate TI value can be challenging and, if incorrect, can result in misleading LGE images. The PSIR technique solves this problem. 20 LGE starts subendocardially, becoming transmural initially at the base of the LV before extending down to the apex. Transmural LGE confers a poor prognosis in both Amyloid light-chain (AL) and transthyretinrelated amyloidosis (ATTR). When there is subendocardial LGE, outcomes are intermediate and research is currently under way to determine the best treatments for this group. Cardiac amyloid can be detected without using gadolinium contrast if native T1 values are significantly elevated throughout the myocardium (typically six to eight standard deviations above normal). The native T1 can be used as an early marker disease, to differentiate subtypes (AL and ATTR) and as a prognostic tool. 21 Most storage diseases (glycogen, lysomal) appear to cause LV scar, but the natural history of these diseases is not well known. In Fabry disease, an X-linked disorder of sphingolipid metabolism, there are more specific features: the basal inferolateral wall typically shows mid-wall LGE (Figure 10 ) and the native T1 values are lower than the normal range. Moreover, it has been shown that the T1 value can be an early marker of disease in Fabry's patients, even in the absence of hypertrophy. 22 Recent work measuring T2 values in areas of LGE has demonstrated high T2 values that correlate with high-sensitivity troponin T (hs-TnT), suggesting a possible chronic inflammatory component.
Other forms of infiltration: Sarcoidosis and iron
Perhaps implied by the history, cardiac sarcoid can be detected by CMR. Acutely, there may be myocardial thickening and evidence of oedema on T2-weighted Short TI Inversion Recovery (STIR) imaging or T2 mapping. There may be patchy focal epicardial, transmural or mid-wall LGE and RV involvement. T2* imaging is exquisitely specific for myocardial iron deposition but the diagnostic cut-off may be set too high. Refinement of new diagnostic thresholds may be possible using concomitant native T1 values. Characteristically, there is no wall thickening and low T2* and T1 values. Fabry disease and iron are largely the main causes of low T1.
Limitations of cardiovascular magnetic resonance
Although newer scanners have a larger bore, there are still patients who cannot tolerate the confined space of the scanner. In addition, there are patients where image degradation is intolerable and results in non-diagnostic image quality owing to arrhythmias and difficulty with breath-holding.
Patients with cardiac devices, including pacemakers and ICDs, may have non-MR compatible devices or leads. In those who have compatible devices, the artefact from the device can obscure the images, rendering the images uninterpretable.
Newer sequences to address some of these issues are in progress.
Source: James Moon FIGURE 9: Four-chamber LGE sequence in cardiac amyloid. The gadolinium kinetics are abnormal. Blood pool nulls before myocardium (which appears bright).
Source: Rebecca Schofield FIGURE 10: Basal lateral mid-wall LGE in Fabry disease. The differential for this scar pattern includes previous myocarditis, which T1 mapping would confirm.
Future developments
Although CMR now offers significant utility, there are problems. CMR is expensive and access is limited. Choosing the right patients to scan for maximal cost-effectiveness is not easy. Protocols may need to become shorter, less involved for patients and more focused. Standardisation is needed for the latest techniques (such as T1 mapping), which may conflict with efforts to continue development. For example, T1 mapping sequences which do not require breath hold are being developed, and motion-corrected (MOCO) freebreathing LGE sequences are in clinical use in some centres that may enable the visualisation of more detail. Nevertheless, CMR roll-out is continuing and should continue to inform our understanding of disease, particularly in hypertrophy. Newer techniques are pending, such as diffusion tensor imaging (DTI) to visualise fibre architecture that may help our understanding of myocardial remodelling; and 4D flow is beginning to inform on cardiac haemodynamic and energetic efficiency during rest and exercise.
Conclusion
CMR is pushing the envelope in HCM both in terms of early and more accurate diagnosis and a better understanding of the conditions and their true pathogenesis. Use of tissue characterisation techniques, such as LGE and parametric mapping, provides detailed information about the myocytes and cellular matrix in vivo that is beginning to translate into better care and treatment choices, to the patient's benefit.
